Predicting time to death in controlled donation after circulatory death (cDCD) donors following withdrawal of life-sustaining treatment (WLST) is important but poses a major challenge. The aim of this study is to determine factors predicting time to circulatory death within 60 minutes after WSLT and validate previously developed prediction models. In a single-center retrospective study, we used the data of 92 potential fairly identify which patients died within 60 minutes. Previous prediction models did not incorporate the process of WLST. We believe that future studies should also include the process of WLST as an important predictor.
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| INTRODUCTION
Controlled donation after circulatory death (cDCD) refers to organ donation from patients with a planned withdrawal of life-sustaining treatment (WLST) and subsequent circulatory death. cDCD is increasingly becoming a major source to ease the shortage of donor organs such as kidney, lungs, pancreas, liver, and even the heart. [1] [2] [3] In the Netherlands, already more than half of all postmortal donors are from cDCD.
A potential cDCD donor poses considerable challenges in terms of: (a) identification of those dying within a predefined timeframe after WLST, (b) dealing with family expectations when the donor does not die within the timeframe for donation, and (c) efficient utilization of the organ procurement teams.
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For organ procurement to occur in a cDCD setting, a maximum time is set in which circulatory death must occur following WLST. In the Netherlands, this timeframe varies according to the donated organ between 20-120 minutes, as each organ has different warm ischemia time thresholds. In Australia, the UK, and in the US the maximum timeframe is set at 90 minutes, 3 hours, and at 2 hours, respectively. 1, 5, 6 Recently, several studies from the UK demonstrated successful kidney retrieval at 4 hours after WLST increasing the number of DCD kidneys procured with a satisfactory transplant outcome by 30%. 7 Although the cDCD program is well-established in the Netherlands, 15-19% of potential cDCD donors will not die within 2 hours after WLST. 8, 9 Previous studies tried to identify patient characteristics of rapid death after WLST and developed predictive models. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, in many of these studies, the included patients were not eligible to become organ donors, eg, some patients were too old to donate or had a severe infection or cancer. [10] [11] [12] [13] [20] [21] [22] In addition, WLST practices, such as extubation or dosage of sedation and analgesia, can variate highly between countries or even between physicians within the same country. Such practices could have an impact on the time to death.
However, none of the previous studies extensively analyzed the practice of WLST. 23, 24 The primary aim of this study is to determine factors predicting time to circulatory death within 60 minutes after WSLT. A secondary aim is to externally validate the previously published models using our data set as validation sample. External validation is a necessary step in the future development of a more solid and updated predictive model. We assessed hemodynamic parameters just before WLST.
| METHODS

| Study population
Pulmonary evaluation included settings of the mechanical ventilator and arterial blood gas analysis. These variables were integrated in the We report our results according to the TRIPOD and STROBE statements.
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| Study selection for external validation
We conducted a systematic review of the literature according to the PRISMA guidelines. 28 This resulted in 607 unique articles.
Four studies met our selection criteria, comprising a DCD population, predictive models, and high methodological quality. Table 1 and Table S1 summarizes the study population, risk factors, and derived predictive model formula for these four studies. In order to validate the previously published prediction models, we contacted if necessary the authors of these papers to obtain additional information.
| Statistical analysis
Univariate and multivariate logistic regression analysis with forward selection was performed, enrolling the most significant variables based on P value <.10. Our database only had 1.9% missing data. All analyses were repeated after applying multiple imputation in order to deal with missing data.
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We then externally validated the previously published models. 11, [16] [17] [18] The model performances were assessed in terms of discrimination and calibration. Many different factors can influence the generalizability of prediction models in a new patient population. To achieve an estimation of death predicted by the logistic regression models on our validation sample, we recalibrated the linear predictors of the models. We used the offset procedure to update the intercept of the linear predictors of the four models and adjusted the regression coefficients for overoptimism (shrinkage).
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T A B L E 1 Summary of evaluated studies, study design, risk factors, and derived prediction models 
| RESULTS
| Patient demographics and characteristics
During a 26-month period, 131 potential postmortal organ donors were identified out of 762 deaths at the ICU. Ninety-two patients met the cDCD criteria. Time to death after WLST ranged from 5 to 1253 minutes with a median of 39 minutes. There was no statistical difference in age, physiological scores or diagnosis between patients dying within or after 60 minutes (Table S2 ).
The strongest univariate predictors of death within 60 minutes included absence of several brainstem reflexes, controlled mode of ventilation, high inspired O 2 fraction, and high pulmonary peak levels during mechanical ventilation (Table S3 ).
Midazolam and morphine were the most frequent administrated comfort medication after WLST. Significantly fewer patients dying within 60 minutes used midazolam (69% vs. 87%) and morphine (76% vs. 90%) after WLST. Vasopressors were used in 38.7% in patients dying within 60 minutes compared to 13.2% in patients dying after 60 minutes (P = 0.03).
| WLST practice
None of the patients had any type of circulatory mechanical support eg, extracorporeal membrane oxygenation or a left ventricular assist device.
All patients were extubated at WLST with simultaneous withdrawal of all supportive measurements.
| Multivariate predictors of mortality
Multivariate logistic regression analysis with forward selection was performed after employing multiple imputation on the 1.9% of missing data.
The final step for circulatory death within 60 minutes is demonstrated on Table 2 . The AUC for death within 60 minutes on imputed data showed good discrimination (AUC 0.89; 95% CI 0.87-0.91).
| Validation of prediction models
Based on the statistical information personally provided by the researchers, we were able to externally validate the prediction models Calibration of the models showed that the models consistently over or underpredicted the probability of death, as shown in Figure S1 .
Recalibration of the models improved calibration (data not shown).
| Organ procurement results
Twenty-nine (32%) patients consented organ donation. However, only 18 patients died within 60 minutes. A total of 65 organs were retrieved, mainly kidneys. Forty-nine organs were successfully allocated with a mean of 2.72 and median of 3.0 organs per patient (range 6-0).
The calculated median predicted probability of death within 
| DISCUSSION
Our study confirms that loss of brainstem reflexes, high ventilatory requirements reflected by the oxygenation index, and use of vasopressors and sedatives are all associated with death within 60 minutes after WLST. Our data suggest that models predicting time of death in such patients should include a combination of the aforementioned variables. Although we found that higher doses of opioids and sedatives were associated with death in more than 60 minutes, none of the previous models included opioid and sedative administration after WLST.
Previous studies on WLST practices showed either no influence or delayed moment of death with use of sedatives and analgesics. 17, 34, 35 The latter indicates that patients in need of higher opioids dosages probably have better preserved neurological functions necessitating more opioids to maintain adequate end-of-life comfort care.
Donation after circulatory death has its own specific issues. The negative effect of warm ischemia on transplantable organs leaves a small time-window for organs to be accepted for transplantation. In our study, 33% of the potential donors did not convert to actual donors as a consequence of dying after the predefined timeframe. Such a loss of transplantable organs has direct effect on the life of patients waiting for an organ. It can affect the family of the potential donor, as organ donation can have a beneficial effect on the bereavement process. 36, 37 In addition, it has a high financial burden as procurement teams and receiving patients are mobilized before WLST of the potential donor starts.
The majority of previous studies included patients who were not always potential organ donors, making such models less generalizable to the pool of potential cDCD donors. 12, 15, [20] [21] [22] Almost all previous studies aimed at developing new prediction models omitting the validation of existing models.
We externally validated four models. Discrimination was good in the majority of the models, meaning that they were reasonably able to predict which patients would die within 60 minutes. All models demonstrated modest calibration with overoptimistic predicted probabilities of death within 60 minutes. This means that models overestimate the probability of death in those patients with the lowest risk to die within 60 minutes. Differences could be due to heterogeneity between groups, eg, patients from our validation sample were more severely neurologically injured compared to de Groot, older (41% of the Davila patients arresting within 60 minutes were under 40 years of age vs. 13% of patients in our validation sample) and differed in the number of post anoxic patients (Wind 28% vs. 6.5% in our sample).
Heterogeneity compared to the original models is inherent to any validation sample. If models perform well in validation samples like we used in this study, it means that such models could be applicable in daily clinical practice.
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Compared to previous studies we included patients that met criteria for cDCD and analyzed the process of WLST. As such, our population and data is an excellent reflection of everyday clinical practice, in which predictive models should ultimately be used. To our knowledge this is the only study that used factors within the process of WLST for predicting time of death in cDCD donors.
Our study had some limitations. It is a single-center retrospective study with a relative small sample size. Nonetheless, due to the singlecenter setup, we had a high level of standardization, resulting in a homogenous dataset. Due to an electronic Patient Data Management System, most data were retrievable and recorded in standardized manner, resulting in less missing data. In addition, we were able to obtain the original data from the authors of the models we validated. As with all single center or well-controlled studies, generalizability is indeed an important issue to consider. This issue mainly concerns the predictive values we have found for the different prediction models. With a different composition of patients in other centers, the prediction values could differ slightly. However, the predicting factors we describe and recommend to use (eg, brainstem reflexes), are standard parameters that are directly applicable in every intensive care unit.
| CONCLUSION
All models demonstrated good discrimination, but modest calibration with overoptimistic predicted probabilities of death within 60 minutes. However, the previously derived predictive models, as well as T A B L E 3 Area under the receiver operating characteristic curve (AUC) of predicted probabilities for death within 60 minutes
